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Edited by Gianni CesareniAbstract Members of the Toll-like receptor (TLR) and IL-1
receptor (IL-1R) family initiate signalling pathways that shape
innate immunity. Pellino proteins have recently been implicated
as evolutionary conserved scaﬀold proteins in TLR/IL-1R signal-
ling leading to nuclear factor-jB and mitogen activated protein
kinase-dependent gene expression. We found that Pellino pro-
teins contain a new RING-like motif. Because RING motifs
are a feature of a subclass of E3–ubiquitin-ligases that target
speciﬁc proteins for ubiquitination, we suggest that Pellino pro-
teins are involved in TLR/IL-1R signalling not only as scaﬀold
proteins but also as RING E3–ubiquitin-ligases. In support of
this hypothesis we show that Pellino proteins induce IRAK-1
polyubiquitination in a RING-dependent manner. We further
propose a model in which Pellino-mediated IRAK-1 polyubiqui-
tination regulates TLR/IL-1R signalling.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Toll-like receptors (TLRs) and receptors of the interleukin-1
receptor (IL-1R) family initiate key signalling pathways in the
innate immune response [1]. These pathways are activated by
microbial structures (e.g. lipopolysaccharide for TLR4) and
cytokines (e.g. IL-1), respectively, and result in the activation
of IjB kinases (IKKs) and mitogen activated protein kinases
(MAPKs), which play an important role in the regulation of
pro-inﬂammatory gene expression by activating transcription
factors such as nuclear factor-jB (NF-jB) and AP-1. IL-1-in-
duced signalling has been proposed to involve the formation of
at least three diﬀerent protein complexes (Complexes I–III;
Fig. 1) upstream of IKK and MAPKs [2]. Upon activation,
most TLRs and the IL-1R recruit the adaptor protein
MyD88 to their cytoplasmic domains [3]. This allows the
recruitment of the IL-1R-associated kinases (IRAK)-1 andAbbreviations: AA, amino acids; IKK, IjB kinase; IL-1R, interleukin-
1 receptor; IRAK, IL-1R associated kinase; MAPK, mitogen activated
protein kinase; NF-jB, nuclear factor-jB; TLR, Toll-like receptor;
WT, wild type
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doi:10.1016/j.febslet.2006.07.046IRAK-4. Close proximity of IRAK-1 and IRAK-4 at the
receptor complex (Complex I) enables IRAK-4 to phosphory-
late IRAK-1 [4] (Fig. 1, step 1), which stimulates IRAK-1 ki-
nase activity and its subsequent autophosphorylation [5]
(Fig. 1, step 2). Hyperphosphorylated IRAK-1 interacts with
TRAF6 and together they leave the receptor complex but re-
main at the membrane [2] (Fig. 1, steps 3–4). There they inter-
act with a preformed complex consisting of the MAPK kinase
kinase TAK1, and its adaptors TAB1 and TAB2 [2] (Fig. 1,
step 5). At this stage the complex is called Complex II. After
phosphorylation of TAK1, the newly formed TRAF6–
TAB2–TAK1–TAB1 complex migrates back to the cytosol
(Complex III) [6]. Cytosolic TRAF6 interacts with the E2–
ubiquitin-conjugating enzymes Ubc13 and Uev1A, leading to
TRAF6 polyubiquitination [7]. This K63-linked polyubiquitin
chain is a prerequisite for activation of TAK1, which leads to
downstream activation of IKKs and MAPKs [7,8] (Fig. 1, step
13), eventually resulting in the activation of NF-jB and AP-1
transcription factors. In contrast to the TRAF6–TAK1 com-
plex, hyperphosphorylated IRAK-1 remains at the membrane
where it is polyubiquitinated, presumably through K48-linked
ubiquitin chains, and targeted for proteasomal degradation [9]
(Fig. 1, steps 9–10).
Although IRAK-1 is a key intermediate in the signalling cas-
cade of the TLR/IL-1R family [10], its regulation is still unclear.
In addition to TRAF6, several other proteins, including Tollip
[11,12] and TIFA [13], have been described to interact with
IRAK-1 and participate in the formation of signalling com-
plexes at the receptor. More recently, IRAK-1 was also shown
to interact with three highly related proteins that were named
Pellino-1, -2, and -3, and which also bind TRAF6 and TAK1
[14–19]. All three Pellino proteins are highly related to each
other, but Pellino-3 has an extra N-terminal stretch of 27 amino
acids (AA). It is intriguing that Pellino proteins are also extre-
mely conserved among diﬀerent species, suggesting an impor-
tant function. Because of the apparent lack of any functional
domains or enzymatic activity, Pellino proteins were suggested
to function primarily as scaﬀold proteins. However, despite
their ability to bind IRAK-1/TRAF6/TAK1, the biological role
of diﬀerent Pellino proteins has remained very unclear. RNAi
and overexpression experiments indicated that Pellino-1 is in-
volved in IL-1-induced NF-jB activation [15], but not in the
activation of JNK or p38 MAPK pathways [18,19]. For Pel-
lino-2 there are contrasting reports on its involvement in the
activation of NF-jB and AP-1. Reporter gene assays initially
suggested a role for Pellino-2 in NF-jB and AP-1 activation
[14,17], but Strelow and colleagues could not reproduce thisblished by Elsevier B.V. All rights reserved.
Fig. 1. Schematic overview of IL-1-induced signalling leading to IKK and MAPK activation. DD, death domain; KD, active kinase domain; KD*,
inactive kinase domain; RING, RING domain; Ub, ubiquitin; Zf, zinc-ﬁnger; TRAF, TRAF domain; P, phosphorylation. For more information, see
main text.
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processes [16]. Finally, Pellino-3 has been linked to the activa-
tion of Elk-1, CREB, c-Jun, and CHOP and therefore ERK,
JNK, and p38 MAPK activation, but it is not involved in
NF-jB activation [18,19].
To clarify the biochemical function of Pellino proteins, we
have further characterized their interaction with IRAK-1,
and could show for all three Pellino proteins that IRAK-1
binding is dependent on IRAK-1 kinase activity and associated
with Pellino phosphorylation. Most interestingly, we could
show that cellular overexpression of Pellino-1 and Pellino-2
(and to a much lesser extent also Pellino-3) promotes IRAK-
1 polyubiquitination, which is dependent on a novel CHC-
2CHC2 RING motif that we could identify in all three Pellino
proteins. These ﬁndings let us hypothesize that Pellino proteins
are more than just adaptor proteins, but function as novel
RING E3–ubiquitin-ligases for IRAK-1.2. Material and methods
2.1. Cell culture
HEK293T cells were cultured in Dulbecco’s modiﬁed Eagle’s med-
ium, supplemented with 10% fetal calf serum, 2 mM L-glutamine,
100 U/ml penicillin, 100 lg/ml streptomycin, and 1 mM sodium pyru-
vate.
2.2. Pellino cloning and expression vectors
Coding sequences for the three human Pellino proteins were PCR
ampliﬁed from cDNA prepared from U937 monocytic cells. Primers
were designed based on NCBI sequences NM_020651 (Pellino-1),
NM_021255 (Pellino-2), and NM_145065 (Pellino-3), respectively.
PCR fragments were inserted into pCAGGS-E containing an N-termi-nal E-tag [20]. Mutants were generated by double PCR and also in-
serted in pCAGGS-E. Two diﬀerent classes of mutants were made:
C-terminal deletion mutants lacking most of the RING motif (Pel-
lino-1DR (=Pellino-1 1–332), Pellino-2DR (=Pellino-2 1–334), and Pel-
lino-3DR (=Pellino-3 1–383)), and mutants bearing a double point
mutation in the RING motif (Pellino-1PM (=Pellino-1 H369S/
C371S), Pellino-2PM (=Pellino-2 H371S/C373S), and Pellino-3PM
(=Pellino-3 H420S/C422S)). The integrity of all inserts was conﬁrmed
by sequencing. For Pellino-3, which has 2 splice variants [17], only the
long form was cloned. pcDNA3–HA–ubiquitin, pcDNA3–hIRAK-1,
and pcDNA3–hIRAK-1D340N were kindly provided by Dr. K. Burns
(University of Lausanne, Lausanne, Switzerland). The pcDNA3–Flag–
TRAF6 plasmid was a gift of Prof. D. Huylebroeck (University of
Leuven, Belgium).
2.3. Transient transfections
HEK293T cells (3 · 105 cells/well in a six-well plate) were transiently
transfected with the DNA–calcium phosphate precipitation method. In
all experiments 200 ng of each indicated plasmid was used; only
pcDNA3–HA–ubiquitin was used at 100 ng/well. The total amount
of DNA was kept constant at 500 ng/well by adding empty vector.
2.4. Lysates and phosphatase treatment
Cells were lysed at 4 C for 15 min in lysisbuﬀer containing 50 mM
HEPES, pH 7.4, 250 mM NaCl, 0.1% NP-40, and 5 mM EDTA sup-
plemented with 20 mM b-glycerophosphate, 10 mM NaF, 1 mM so-
dium orthovanadate, and protease inhibitors (10 lg/ml leupeptin,
200 U/ml aprotinin, and 1 mM Pefablock). After centrifugation in an
Eppendorf centrifuge 5417C (10 min, 14000 rpm) the insoluble cell
fraction was removed and Laemmli loading buﬀer (62.5 mM Tris,
pH 6.8, 2% SDS, 5% 2-mercaptoethanol, and 10% glycerol) was added
to the soluble fractions. Samples were then boiled for 6 min. Lysates
for phosphatase treatment were prepared according to the manufac-
turer’s protocol (New England Biolabs, Beverly, MA, USA). After
addition of 10 U k phosphatase per reaction, lysates were incubated
for 30 min at 30 C. Then Laemmli loading buﬀer was added and
the samples were boiled for 6 min before loading on SDS–polyacryl-
amide gels.
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For immunoprecipitation of IRAK-1, soluble fractions of the cell ly-
sates (see above) were incubated overnight at 4 C with 1 lg anti-
IRAK-1 (CT) antibodies (ProSci, Poway, CA, USA) and protein G Se-
pharose beads (Amersham Biosciences, Roosendaal, Netherlands).
After incubation, the beads were washed six times with lysis buﬀer,
and proteins were eluted by boiling for 6 min in Laemmli loading buf-
fer. Proteins were separated by SDS–PAGE, transferred to nitrocellu-
lose, and analyzed by immunoblotting. Antibodies used for Western
blotting were anti-IRAK-1 (CT) (ProSci), anti-HA (Roche Diagnos-
tics, Vilvoorde, Belgium) and anti-E-tag (Amersham Biosciences).
All antibodies were used according to the manufacturer’s protocols.3. Results
3.1. Mammalian Pellino proteins contain a CHC2CHC2 RING-
like motif
Database searches for speciﬁc structural domains in Pellino
proteins did not reveal any highly signiﬁcant matches. The C-
terminal part however contains an invariant Cys-Gly-His trip-
let (AA 367–369 in human Pellino-1) and two Cys-Pro-X-Cys
motifs (AA 333–336 and AA 395–398 in human Pellino-1)
[15,21], reminiscent of part of the structure of the C3HC4
RING subfamily of zinc-ﬁnger domains [22]. RING domains
mediate protein–protein and protein–DNA interactions in a
diverse group of proteins and are best known for their occur-
rence in RING E3–ubiquitin-ligases [23,24]. The name C3HC4
denotes the order of sequence of the 8 Cys and His residues
necessary to coordinate the two zinc atoms contained in the
RING domain. Sequence alignment of Pellino proteins with
a C3HC4 RING consensus sequence [25] shows that Pellino
proteins lack two Cys or His residues to have a complete
RING motif (Fig. 2A). However, another conserved Cys-
Gly-His triplet (AA 311–313 in human Pellino-1) is present
22 AA upstream of the ﬁrst Cys-Pro-X-Cys motif and might
substitute for the missing residues. So, instead of an incom-
plete C3HC4 RING domain, Pellino proteins likely have a clo-
sely related CHC2CHC2 RING motif (Fig. 2A).Fig. 2. All three Pellino proteins interact with IRAK-1 upon co-expression
(CHC2CHC2) consensus sequence with the C3HC4 RING consensus sequen
involved in IRAK-1 binding. IRAK-1WT was coexpressed with E-tagged Pe
IRAK-1 forms were immunoprecipitated from the cell extracts and binding
detection with anti-E-tag antibodies (upper panel). Blots were reprobed with a
(middle panel). Similarly, expression of the overexpressed Pellino proteins
antibodies (lower panel). (C) Pellino/IRAK-1 binding is dependent on IRA
IRAK-1WT or IRAK-1KD in HEK293T cells and analysed as described in3.2. The Pellino RING motif is not essential for IRAK-1/Pellino
binding
To characterize whether the RING motif of Pellino is in-
volved in its interaction with IRAK-1, we tested via co-immu-
noprecipitation the ability of Pellino mutants bearing a double
point mutation in their RING motifs (Pellino-1PM, Pellino-
2PM, and Pellino-3PM), to bind IRAK-1 upon overexpression
in HEK293T cells. This revealed that IRAK-1 binds the wild
type (WT) Pellino proteins and the corresponding Pellino
RING mutants with a similar eﬃciency (Fig. 2B), demonstrat-
ing that the Pellino RING motif is not essential for IRAK-1
binding. In a similar experiment we also tested the binding
of C-terminal deletion mutants of all three Pellino proteins,
lacking most of their RING-like motif (Pellino-1DR, Pellino-
2DR, and Pellino-3DR). In this case, all C-terminal truncated
Pellino mutants were strongly impaired in IRAK-1 binding,
although some minor binding could still be observed upon a
longer exposure of the X-ray ﬁlm (data not shown). These
experiments indicate that eﬃcient binding of Pellino proteins
to IRAK-1 requires their C-terminal region, but is independent
of a structurally intact RING motif.
3.3. Binding of Pellino proteins to IRAK-1 requires IRAK-1
kinase activity and is associated with Pellino
phosphorylation
Eﬃcient IRAK-1/Pellino-3 binding has been shown to re-
quire an intact kinase domain of IRAK-1 [18]. To establish
whether this was also the case for the other Pellino proteins,
we analysed via co-immunoprecipitation the binding of all
three Pellino proteins with IRAK-1WT and a kinase-deﬁcient
mutant IRAK-1K340N (IRAK-1KD) [26]. Compared to
IRAK-1WT, binding of all three Pellino proteins to IRAK-
1KD was strongly reduced (Fig. 2C). Moreover, extra slower
migrating Pellino bands could always be observed upon co-
expression of Pellino proteins with IRAK-1WT, but not upon
co-expression of the IRAK-1KD (Fig. 2C), suggesting that
these bands correspond to phosphorylated Pellino proteins.in HEK293T cells. (A) Alignment of the mammalian Pellino-RING
ce, which was adopted from [25]. (B) The Pellino RING motif is not
llinoWT or PellinoPM RING mutants in HEK293T cells as indicated.
of Pellino proteins to IRAK-1 was analyzed by Western blotting and
nti-IRAK-1 antibodies to verify eﬃcient IRAK-1 immunoprecipitation
was veriﬁed by immunoblotting of total cell lysates with anti-E-tag
K-1 kinase activity. E-tagged Pellino proteins were co-expressed with
(B).
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incubated with k phosphatase prior to loading on the SDS–
polyacrylamide gel. As this treatment results in the com-
plete disappearance of the slower migrating Pellino bands
(Fig. 3A, compare ﬁrst and second panel), one can conclude
that these bands indeed correspond to phosphorylated Pellino,
extending the earlier ﬁnding that Pellino-2 is a substrate for
IRAK-1 [16] also to the other two Pellino proteins. Together
with our observation that Pellino proteins preferentially co-
immunoprecipitate with IRAK-1WT, and much less with
IRAK-1KD, these results suggest that phosphorylation of Pel-
lino proteins by IRAK-1 promotes or stabilizes Pellino/IRAK-
1 binding.
3.4. Overexpression of Pellino proteins induces IRAK-1
polyubiquitination
Polyubiquitination of a particular target protein is a multi-
step enzymatic process. To be capable of substrate modiﬁca-
tion, the C-terminal Gly residue of ubiquitin is ﬁrst activated
by a ubiquitin-activating enzyme (known as E1), resulting in
the formation of a high energy thioester bond between theFig. 3. Co-expression of Pellino proteins and IRAK-1 leads to Pellino ph
proteins were co-expressed with IRAK-1WT and HA–ubiquitin in HEK
phosphorylation (upper two panels) and IRAK-1 polyubiquitination (lower 3
extract was incubated for 30 min with k phosphatase, whereas the other half
and analysed for Pellino expression by Western blotting with anti-E-tag an
extracts, untreated or treated with phosphatase as described above, were ana
anti-IRAK-1 (third and fourth panel). Ubiquitination was speciﬁcally detecte
anti-HA antibodies (lower panel). (B) E-tagged WT Pellino proteins (WT) o
1WT and HA–ubiquitin in HEK293T cells. After 24 h, cells were lysed and a
followed by Western blotting with anti-HA antibodies (upper panel). Pellino
(lower panel).Gly residue of ubiquitin and the Cys residue of the active site
of E1. Second, the activated ubiquitin is transferred to the Cys
residue of a ubiquitin-conjugating enzyme (known as E2).
Third, the ubiquitin–E2 complex is recruited to a third enzyme,
a ubiquitin-ligase (known as E3), which speciﬁcally binds a
protein substrate and facilitates the transfer of ubiquitin from
E2 to a Lys residue in the substrate [27]. There are two main
types of E3 for ubiquitin, the RING class and the HECT class.
Examples of RING E3–ubiquitin-ligases include TRAF6, Cbl,
Mdm2, and BRCA1 [27]. This raises the possibility that the
RING motif present in Pellino proteins might enable them
to ubiquitinate other proteins, such as IRAK-1. The fact that
Western blotting for IRAK-1 revealed several higher molecu-
lar weight bands of IRAK-1 upon co-expression of Pellino-
1WT or Pellino-2WT, but not Pellino RING mutants, was a
further indication in that direction (Fig. 2B, middle panel).
Because IRAK-1 is known to be also heavily phosphorylated
[5], it can be expected that the higher molecular weight bands
detected with anti-IRAK-1 antibodies originate from a multi-
tude of diﬀerent IRAK-1 species being both polyphosphory-
lated and polyubiquitinated. To further examine if Pellinoosphorylation and IRAK-1 polyubiquitination. (A) E-tagged Pellino
293T cells. After 24 h, cells were lysed and analyzed for Pellino
panels). For assessment of Pellino phosphorylation, one half of the cell
was left untreated. Both fractions were then separated by SDS–PAGE
tibodies. For assessment of IRAK-1 polyubiquitination, the same cell
lysed for slower migrating forms of IRAK-1 by Western blotting with
d by IRAK-1 immunoprecipitation followed by Western blotting with
r RING mutant Pellino proteins (PM) were co-expressed with IRAK-
nalyzed for IRAK-1 ubiquitination via IRAK-1 immunoprecipitation
expression was detected by Western blotting with anti-E-tag antibodies
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co-transfected Pellino-1, Pellino-2, or Pellino-3 with IRAK-1
and an HA-tagged version of ubiquitin, and again analysed
the formation of high molecular weight forms of IRAK-1 by
Western blotting of cell extracts that were either untreated or
treated with k phosphatase. Indeed, upon phosphatase treat-
ment most IRAK-1 species were reverted to an unmodiﬁed
state (Fig. 3A, third and fourth panel). Only upon co-expres-
sion of Pellino-1 or Pellino-2 one can still detect a discrete
laddering pattern after phosphatase treatment, suggestive for
IRAK-1 ubiquitination. This was further conﬁrmed by immu-
noblotting of IRAK-1 immunoprecipitates with anti-HA
antibody, speciﬁcally revealing IRAK-1 ubiquitination upon
coexpression of Pellino-1 or -2 (Fig. 3A, lower panel). In
contrast to WT Pellino proteins, overexpression of Pellino
RING mutants did not induce IRAK-1 polyubiquitination
(Fig. 3B). All together, these results suggest that Pellino pro-
teins might function as novel RING E3–ubiquitin-ligases for
IRAK-1.4. Discussion
Previous studies never found any of the Pellino proteins in
the IL-1R complex (Complex I) [17,18], indicating that they
are not involved in the primary steps of the signalling process.
However, all three Pellino proteins can interact with IRAK-1,
TRAF6, and TAK1 as part of Complex II [14–19], and have
therefore been suggested to function as scaﬀold proteins. Here
we provide evidence that the function of Pellino proteins
reaches further than simply acting as a scaﬀold. Upon binding
to IRAK-1, all three Pellino proteins become phosphorylated
by IRAK-1 (Fig. 1, step 6), which is in line with the previously
described IRAK-1 mediated phosphorylation of Pellino-2 [16].
Since we found that binding was less eﬀective with kinase-inac-
tive IRAK-1, we suggest that IRAK-1 mediated phosphoryla-
tion of Pellino proteins further enhances their binding
capacity. Interestingly, we could show that upon binding to
IRAK-1, Pellino-1, and -2 (and to a lesser extent also Pel-
lino-3) were able to induce IRAK-1 polyubiquitination
(Fig. 1, step 7). Moreover, our observations let us to hypothe-
size that Pellino proteins function as novel RING E3–ubiqui-
tin-ligases. We propose to name the novel Pellino RING motif
CHC2CHC2, according to the sequence of Cys and His resi-
dues important for the zinc-binding properties of the motif
(and in line with the closely related C3HC4 RING domain).
E2–ubiquitin-conjugating enzymes interacting with any of
the Pellino proteins have not yet been reported, so we cannot
speculate on any other components involved in the ubiquitina-
tion of IRAK-1. Also the type of polyubiquitination that is in-
duced by Pellino as well as the functional consequences of it
remain to be determined. It should be noted that the slower
migrating band corresponding to phosphorylated Pellino is ab-
sent in the case of Pellino-1PM and Pellino-2PM (Fig. 2B),
suggesting that their phosphorylation requires an intact RING
ﬁnger domain. It could be that the RING domain is the site of
phosphorylation. Alternatively, the lack of Pellino-PM phos-
phorylation might also reﬂect a potential stimulatory eﬀect
of Pellino-mediated IRAK-1 ubiquitination on IRAK-1 kinase
activity. The fact that we did not observe any Pellino-induced
degradation of IRAK-1 suggests that IRAK-1 ubiquitination
might be diﬀerent from K48-linked polyubiquitination, whichis known to lead to proteasomal degradation of the ubiquiti-
nated protein [24]. We hypothesize that Pellino-induced
IRAK-1 polyubiquitination (possibly K63-linked), together
with TAK1 and TAB1 phosphorylation, leads to the dissocia-
tion of Complex II rather than to the direct degradation of
IRAK-1 (Fig. 1, step 8). K63-deubiquitination followed by
K48-ubiquitination and proteasome-dependent degradation
of IRAK-1 could then take place after its dissociation from
Complex II (Fig. 1, step 9). In fact, a similar phenomenon
has been described for the kinase RIP, which functions in
tumor necrosis factor-signalling towards NF-jB. In the latter
case, A20 was shown to downregulate NF-jB signalling
through the cooperative activity of two ubiquitin-editing
domains: one domain removing K63-linked ubiquitin chains
from RIP and the other domain functioning as an E3–ubiqui-
tin-ligase by polyubiquitinating RIP via K48-linked ubiquitin
chains, thereby targeting RIP for proteasomal degradation
[28,29]. It is probably in the best interest of a cell to ﬁrst disso-
ciate a complex and only then degrade particular obsolete
components. It will also be interesting to investigate if other
Pellino-interacting proteins are substrates for Pellino-induced
ubiquitination. Although TRAF6 was reported to interact
with Pellino proteins [15,17,18], we were unable to detect
TRAF6 polyubiquitination in response to overexpression of
any of the Pellino proteins (data not shown). As there are three
mammalian Pellino proteins, one can expect that Pellino-1, -2,
and -3 might interact with diﬀerent proteins and have diﬀerent
substrates, even outside the NF-jB and MAPK signalling
pathways. The phenotypes of Pellino knockout mice will
undoubtedly cast a new light on these issues.
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